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Procedure for amino-alcohol acylation in 1-butyl-3-methylimidazolium 127
hexafluorophosphate 128
When using 1-butyl-3-methylimidazolium hexafluorophosphate (Bmim [PF 6 ]) as a reaction 129 solvent, various samples containing the same concentration of reactants and enzyme were 130 prepared and incubated under the same conditions. Reactions were then conducted in parallel 131 and withdrawn at different times to determine the reaction progress. 6 ml of 1-butanol, a 132 solvent that is immiscible with Bmim [PF 6 ], were added in order to extract substrates and 133 products from Bmim [PF 6 ]. 500 µl samples were taken from 1-butanol extracts and 134 centrifuged at 18,000 g for a minute. The supernatants were then analyzed by LC-MS, leading 135 to the determination and quantification of remaining substrates and synthesized products. 136
The partition coefficient between Bmim [PF 6 ] and 1-butanol was determined for all 137 compounds (myristic acid 1 and acylated products) using the following procedure: a solution 138
of Bmim [PF 6 ] with a known concentration of each compound was prepared and then 139 extracted in 1-butanol. The partition coefficient was calculated as the ratio of the final 140 quantity determined by HPLC to the known initial quantity. All samples were performed in 141 duplicate and the averages of duplicate partition coefficients were mentioned in Table 1 . 142
Finally, it was used to correct the concentration values of all compounds in 1-butanol extracts. 143 144 Table 1  145 Partition coefficient of myristic acid 1 and acylated products in a Bmim [PF 6 ]/1-butanol 146 biphasic system. 147 
HPLC-MS analysis 152
Structural and quantitative analysis of reaction products were conducted using a LC/MS-ES 153 (liquid chromatography-mass spectrometry) system from Agilent (1100 LC/MSD Trap mass 154 spectrometer VL) with a C18 Prontosil 120-5-C18-AQ reversed-phase column (250×4 mm, 5 155 µm; Bischoff Chromatography, Germany). The elution of reaction samples was carried out at 156 room temperature and at a flow rate of 1 ml min -1 , using a mobile phase consisting in a 157 Products were detected and quantified by differential refractometry and UV detection at 210 164
nm. An external calibration was performed with pure myristic acid. Then, calibrations for 165 individual acylation products were obtained after mass balance in reaction conditions enabling 166 to obtain only these products with myristic acid as an acyl donor. Low-resolution mass 167 spectral analyses were obtained by electrospray in the positive detection mode. Nitrogen was 168 used as the drying gas at 15 l min -1 and 350 °C at a nebulizer pressure of 4 bars. The scan 169 range was 50-1000 m/z using five averages and 13,000 m/z per second resolution. The 170 capillary voltage was 4000 V. Processing was done offline using HP Chemstation software.
172
Acylated-amino-alcohols purification and analysis for identification 173
In order to perform the purification and characterization of acylated products, 20 ml reaction 174 mixtures containing 50 mM of the amino-alcohol and 175 mM of myristic acid 1 in tert-amyl 175 alcohol were incubated for 24 hours in presence of 15 g l -1 of Novozym ® 435. Purified 176 products were then characterized by 1 H NMR (nuclear magnetic resonance spectroscopy) and 177 IR (infrared spectroscopy) after purification via preparative HPLC using a ProntoPrep C18 178 reversed-phase column (250×20 mm, 10 µm; Bischoff Chromatography, Germany) eluted via 179 the mobile phase given in section 2.3.1, at room temperature and at a flow rate of 5 ml min - into an apparent catalytic constant ratio (Eq. (2)) owing to the fact that there is a unique K m,app 282 for each bifunctional amino-alcohol. 283 
Evaluation of the chemoselectivity
C = (k cat, app O-acylation / K m,app ) / (k cat, app N-acylation / K m,app ) (1) 284 C = k cat, app O-acylation / k cat, app N-acylation (2) 285
(C) (B) (A) (B) (C)
also noticed on the acylation kinetic profile of alaninol 2 and 6-amino-1-hexanol 6, in both 324 organic solvents and ionic liquid and could be attributed to an inhibitor effect similar to 325 excess substrate inhibition. However, it was not observed in a previous work in which we 326 performed the O-acylation of 2-butanol starting from myristic acid as an acyl donor under 327 similar experimental conditions [60] . Thus, the decrease in initial rates is most likely due to an 328 interaction between myristic acid 1 and the amino group of the amino-alcohol. Indeed, the 329 presence of an amino substrate and a fatty acid substrate in an organic solvent generally leads 330 to the formation of an ion-pair complex between both substrates, depending on the acido-331 basic conditions of the medium [46, 53, 59 ]. This salt complex makes the ion forms of both 332 substrates non reactive (NH 3 + amine form and COO − fatty acid form) and therefore leads to 333 the overestimation of the substrate concentrations that are actually available to the enzyme in 334 the reaction medium. Maugard et al. [53] previously described this ion-pair complex as a 335 limiting factor in lipase-catalyzed acylation, under conditions where it is less soluble than free 336 substrates. To verify this hypothesis, the composition of the medium, in particular the 337 carbonyl species was analyzed by IR spectroscopy at the start of the reaction using various 338 concentrations of amino-alcohol 2 in tert-amyl alcohol as a reaction solvent. When myristic 339 acid 1 alone was totally solubilized, only one carbonyl band was observed at 1710 cm -1 340 (Table 2 , entry 1), corresponding to the acid form. When the concentration of amino-alcohol 2 341 was increased in the media, a decrease in the area of the carbonyl acid band (1710 cm -1 ) was 342 concomitant with an increase in the area of the carboxylate band (1562 cm -1 ) ( Table 2 , entries 343 2 to 5). This demonstrates the formation of an ion-pair complex between substrates 1 and 2. 344 345 no decrease in initial rates and de facto no inhibition due to the ion-pair complex formation 353 was observed for these amino-alcohol concentrations. Thus, for amino-alcohol 4 acylation in 354 tert-amyl alcohol (Fig. 1) , the k cat,app values were 86 min -1 for O-acylation (Fig. 1B) and 13 355 min -1 for N-acylation (Fig. 1C ) and 99 min -1 for myristic acid 1 conversion (Fig. 1A) and the 356 K m,app value of amino-alcohol 4 acylation was 75 mM (Fig. 1A) . The apparent kinetic 357 parameters, the chemoselectivity ratio (C), as well as the log P values of amino-alcohols, are 358 summarized in Table 3 . The log P value is defined as the logarithm of the partition coefficient 359 of a given compound in a standard octanol/water biphasic system [61] . This parameter 360 characterizes the hydrophobicity of a compound: the higher the log P value, the more 361 hydrophobic the compound [62, 63] . 362 363 (±)-4-amino- 
c The chemoselectivity ratio calculated via the apparent catalytic constant ratio (Eq. (2)).
370
371 Table 3 provides a number of key information. In order to facilitate the comparison of the 372 parameters described in this table, the effect of solvent nature on the K m,app , k cat,app and 373 chemoselectivity is discussed separately. 374
• Effect on the K m,app 375
The K m,app of amino-alcohol 2 in tert-amyl alcohol (182 mM) was 2-and 2.5-fold higher than 376 the K m,app of long chain amino-alcohols 4 (75 mM) and 6 (63 mM), respectively (Table 3,  377 entries 2, 5 and 8). This indicates a lower affinity of Novozym ® 435 for short chain amino-378 alcohol 2. The same phenomenon is observed using Bmim [PF 6 ] (Table 3 , entries 3, 6 and 9). 379
In contrast, the K m,app of short chain amino-alcohol 2 in n-hexane (18.7 mM) was 1.5-and 2-380 fold lower than the K m,app of long chain amino-alcohols 4 (35.3 mM) and 6 (53 mM), 381 respectively (Table 3, To date, a clear consensus has not yet emerged on the parameters to quantitatively describe 384 solvents and their influence on enzymatic reactions. However, it is well known that solvent 385 hydrophobicity is a key factor, whose influence can be evaluated using the log P value [62, 386 64-65]. The solvent effect can be analysed using the probable relationship between enzyme 387 activity and substrate solvation. In a hydrophilic solvent such as tert-amyl alcohol (log P 0.89) 388 or Bmim [PF 6 ] (log P -2.36), the solvation of the highly hydrophilic amino-alcohol 2 (log P -389 0.96) is favoured to the detriment of its availability for the enzyme. Thus, the affinity of the 390 lipase for amino-alcohol 2 is lower than its affinity for other amino-alcohols in hydrophilic 391 solvents, resulting in a higher K m,app value (Table 3 ). In contrast, in a hydrophobic solvent 392 such as n-hexane (log P 3.90), the solvation of an amino-alcohol is favoured when its 393 hydrophilicity decreases, the solvation of the more hydrophilic amino-alcohol 2 is therefore 394 not favoured and this benefits its availability for the enzyme. Thus, the affinity of the lipase 395 for amino-alcohol 2 is higher than its affinity for other amino-alcohols in hydrophobic 396 solvents, resulting in a lower K m,app value (Table 3) • Effect on the chemoselectivity 438
The chemoselectivity of the Novozym ® 435-catalyzed acylation of the three amino-alcohols 439 was evaluated using the chemoselectivity ratio (C) (Eq. (2)). The acylation of amino-alcohol 2 440 in n-hexane and Bmim [PF 6 ] gave similar C values, close to 0.1 (Table 3 , entries 1 and 3), as 441 no ester 3b was detected in tert-amyl alcohol (Table 3, In addition, the fact that the higher k cat, app of O-acylation was obtained with amino-alcohol 6 454 (Table 3 , entries 7 to 9) in comparison with amino-alcohol 4 (Table 3 , entries 4 to 6) can be 455 explained not only by the increase in the carbon chain length but also by the fact that amino-456 alcohol 6 is a primary alcohol while amino-alcohol 4 is a secondary one. Indeed 
463
Prior to study the Novozym ® 435-catalyzed acylation of amino-alcohols 2, 4 and 6 in terms of 464 production at a fixed time, the reaction was carried out in n-hexane, tert-amyl-alcohol and 465
Bmim [PF 6 ], using 35 mM amino-alcohol and 175 mM myristic acid 1, and monitored over 466 (Fig. 2C) , ester 3a was detected only as trace amounts. On the other hand, amide 3a was 480 the main product synthezised in tert-amyl alcohol at a stationary state reached after 96 hours 481 with a yield close to 100% (based on starting alaninol 2) (Fig. 2B) , whereas it was 482 predominant only over the first 30 minutes and 24 hours of reactions effected in n-hexane and 483
Bmim [PF 6 ], respectively ( Fig. 2 A and C) . After these times, amide 3a was then consumed to 484 the benefit of amido-ester 3c synthesis, which became the main product after 96 hours with 485 or the ester is transacylated into the amide via a kinetically controlled process 500 involving the formation of the acyl enzyme from the ester that would be 501 released by the attack of the amine, as reported by Volker Kasche works to 502 describe the mechanism of amidase-catalyzed amine acylation using esters as 503 acyl donors [76] . 504
Moreover, we focused in a previous work on the kinetic analysis of Novozym ® 435-catalyzed 505 acylation of a mono-alcohol and a mono-amine structurally related to alaninol 2 carried out in 506 tert-amyl alcohol under similar experimental conditions. We demonstrated then that (R)-2-507 butanol O-acylation rate was 22-fold faster than (R)-sec-butylamine N-acylation rate [60]. On 508 this basis, we would expect the ester intermediate to accumulate in the reaction medium 509 24 before being converted into the amido-ester, which is, however, not the case: this ester 510 intermediate is detected at best as trace amounts whatever the reaction time or the solvent 511
tested. In addition, we have also shown that the N-acylation rates obtained for the enzymatic 512 acylation of bifunctionnal compounds such as 1-methoxy-2-propylamine and 1,2-513 diaminopropane, catalyzed by Novozym ® 435 in tert-amyl alcohol at 55°C, were 8-and 38-514 fold higher, respectively, than the N-acylation rate of the related mono-amine (sec-515 butylamine) [77] . These bifunctionnal compounds are structurally related to alaninol 2 but 516 exhibit no alcohol group in their structure and thus cannot possibly be O-acylated. For this 517 reason, we formulated the following postulate for amino-alcohol acylation: the presence of an 518 alcohol group in β-position of the amino group of the acyl acceptor would result in the 519 enhancement in the rate of N-acylation. This may be due to the formation of an intramolecular 520 interaction between the amino group and the alcohol group located in β-position, which is 521 strengthened by the fact that this interaction could not occur for amino-alcohols 4 and 6, 522 considering the longer distance between both functional groups, giving as a result low rates of 523 N-acylation. In order to confirm and develop this new postulate, molecular modelling studies 524 were conducted to precisely understand the Novozym ® 435-catalyzed N-acylation mechanism 525 using a methoxy-amine, a di-amine, a short chain amino-alcohol or a long chain amino-526 alcohol as an acyl acceptor. These studies recently led to propose a new proton shuttle 527 reaction mechanism to explain chemoselectivity for Novozym ® 435-catalyzed N-acylation of 528 alaninol 2 and 4-amino-1-pentanol 4 [26] . As a consequence, all these results seem to rule out 529 the hypothetic sequence 2 and suggest that the amide is a better substrate than the amino-530 alcohol for enzymatic O-acylation, especially when using n-hexane: the highest amido-ester 531 3c synthesis rate of 7 mmol.h -1 .g -1 was obtained in this solvent. 532
Finally, to identify optimal, highly selective conditions required to produce monoacylated and 533 The data in Fig. 3 demonstrate that the use of n-hexane gives two major products, depending 549 on the r-value. At initial amino-alcohol concentrations inferior or equal to 100 mM (r ≥ 1.75), 550 the selective production of amido-esters 3c, 5c or 7c is improved, up to 49 mM for amido-551 ester 3c production (56% yield based on starting myristic acid 1). Amino-alcohol 552 concentrations superior to 100 mM (r < 1.75) enhances the production of monoacylated 553 compounds. The synthesis of amides from amino-alcohols 2 and 4 reached 166 mM for amide 554 3a and 138 mM for amide 5a (95% and 79% yields based on starting myristic acid 1) under 555 (Fig. 3A and 3B) . Moreover, ester 3b was not detected and ester 5b 556 was negligible. Hence, stoichiometric conditions are the optimal conditions for acylation of 557 amino-alcohols 2 and 4, and favour both the synthesis yield and the chemoselectivity of amide 558 production. On the other hand, the production of ester 7b from the longest amino-alcohol 6 (6 559 carbons) (Fig. 3C ) was improved and reached up to 68 mM (39% yield based on starting 560 myristic acid 1) using 100 mM starting amino-alcohol 6. Again, this change in the 561 chemoselectivity of Novozym ® 435 at 96 hours, which is shown to be dependent on the 562 carbon chain length between the alcohol and amino groups of the amino-alcohol, was in 563 accordance with its chemoselectivity under initial velocity conditions, previously described in 564 section 3.1. An interesting result of this study, which should be highlighted, is the decrease in 565 the global conversion yield observed when a large excess (350 mM) of amino-alcohol (r < 566 0.7) is used. This is true for all amino-alcohols tested. The decrease could be explained by the 567 formation of a non-reactive ion-pair complex between myristic acid 1 and the amino-alcohol 568 as also described in section 3.1. Other studies have already demonstrated that the use of non-569 polar solvents such as n-hexane promotes and stabilizes the formation of an ion-pair complex 570 because polar amino-alcohols are slightly solubilized while ion-pair complex forms of amino-571 alcohols are highly solubilized in these solvents [46] . This is due to the carboxylic acid 572 function playing the role of phase transfer agent for the amino-alcohol, which improves its 573 solubility. The formation of this complex would indeed drastically affect the availability of 574 both substrates for the enzyme, especially in excess of the amino-alcohol. 575 Similar experiments were performed using tert-amyl alcohol as a polar protic solvent (Fig. 4) . 586
The acylation of amino-alcohol 2 in tert-amyl alcohol (Fig. 4A ) leads predominantly to the 587 production of amide 3a and was enhanced by an increase in amino-alcohol 2 concentration, 588 reaching a maximum value of 172 mM (98% yield based on starting myristic acid 1) for 589 initial amino-alcohol 2 concentrations superior or equal to 250 mM. However, ester 3b was 590 not detected and the production of amido-ester 3c was negligible. Acylation of amino-591 alcohols 4 and 6 (Fig. 4B and 4C ) studies were also performed: esters 5b and 7b were 592 detected and quantified although their production remained low. On the other hand, the 593 production of amido-esters 5c and 7c were predominant and reached maxima of 30 mM and 594 20 mM (34% and 23% yields based on starting myristic acid 1), respectively, for 595 concentrations in long chain amino-alcohol lower than 50 mM (r > 3.5). The production of 596 amides 5a and 7a was improved for concentrations higher than 50 mM (r < 3.5). Under the 597 best conditions used (250 mM starting amino-alcohol 4 or 6), production close to 53 mM of 598 amides 5a or 7a (30% yield based on starting myristic acid 1) was reached. 599 
(C) (B) (A)
On the other hand, in contrast to the results obtained in n-hexane, no decrease of global yield 600 was observed in tert-amyl alcohol when a large excess (350 mM) of amino-alcohol (r < 0.7) 601 was used. This could be explained by the likely complete solubilization of substrates in this 602 solvent which would make the ion-pair complex formation less favoured and less stable than 603 in n-hexane. Both substrates would be therefore more available for the enzymatic reaction 604 than in n-hexane. 605
In summary, amide production at 96 hours is improved in tert-amyl alcohol for all amino-606 alcohols tested, although acylation catalyzed by Novozym ® 435 of amino-alcohols exhibits 607 higher k cat,app of O-acylation than k cat,app of N-acylation as described in section 3.1. These 608 results suggest that Novozym ® 435 favours the synthesis of the amide as a thermodynamic 609 product whereas the ester, which is preferentially synthesized under initial velocity 610 conditions, can be considered as a kinetic product. 611
• Production of acylated amino-alcohols in Bmim [PF 6 
29
Finally, Bmim [PF 6 ] was tested as a solvent (Fig. 5) . The use of 100 mM amino-alcohol (low 620 excess of myristic acid 1; r = 1.75) in Bmim [PF 6 ] gave the highest amido-ester production of 621 all our experiments, reaching 77, 65 and 20 mM of amido-esters 3c, 5c and 7c (88%, 74% and 622 23% yields based on starting myristic acid 1), respectively. However, when amino-alcohol 623 concentration was higher than 130 mM (r < 1.35) a sharp decrease in amido-ester production 624 was observed. In contrast, the production of esters 5b and 7b (Fig. 5B and 5C ) never 625 exceeded 20 mM (11% yield based on starting myristic acid 1) and the production of amides 626 was enhanced when amino-alcohol concentration increased from 100 to 175 mM (1.75 > r > 627 1), reaching up to 74 mM of amide 5a (42% yield based on starting myristic acid 1) under 628 stoichiometric conditions. 629
Conclusion
630
In this work, we firstly evaluated the effect of reaction solvent on the activity and 631 chemoselectivity of Novozym ® 435 (immobilized Candida antarctica lipase B) for the 632 acylation of three amino-alcohols (alaninol 2, 4-amino-1-pentanol 4 and 6-amino-1-hexanol 633 6) using myristic acid 1 as an acyl donor. Our results suggest that the nature of the solvent 634 affects both the availability of substrates and the catalytic activity of the enzyme. In contrast, 635 we also found that the chemoselectivity of Novozym ® 435 under initial velocity conditions is 636 mainly affected by amino-alcohol structure rather than by the reaction solvent. In particular, 637
we have shown that the k cat,app of N-acylation is improved when using the short chain amino-638 alcohol alaninol 2 whereas the k cat,app of O-acylation is improved when using the longer chain 639 amino-alcohols 4-amino-1-pentanol 4 and 6-amino-1-hexanol 6. This demonstrates the strong 640 influence of substrate structure on the chemoselectivity of Novozym ® 435, and provides new 641 insights into the selective synthesis of amides or esters produced from the acylation of 642 bifunctional substrates. 643
